The Saccharomyces cerevisiae MNN4 gene, which is involved in mannosylphosphate transfer from GDP-mannose to A'-linked oligosaccharide, has been cloned from a lambda phage containing a yeast chromosome XI DNA fragment. The MNN4 ORF encodes a protein of 1178 amino acids. The deduced amino acid sequence shows a topology of type II membrane proteins and has a unique repeated sequence of lysine and glutamic acid at the Cterminus. Disruption and overexpression of MNN4 led to a decrease and increase, respectively, of the mannosylphosphate content in cell wall mannans prepared from both mnn4 and wild type strains. A dramatic decrease of mannosylphosphate occurs in Amnn4 mutants. The results from genetic and biochemical experiments combine to suggest that Mnn4p is required to mediate mannosylphosphate transfer in both the core and outer chain portions of A'-linked oligosaccharides.
Introduction
Asparagine (AO-linked oligosaccharide in Saccharomyces cerevisiae is composed of two portions: one is a core portion containing Man 8 GlcNAc 2 synthesized in the ER, and the other is a mannose outer chain portion synthesized in the Golgi apparatus (Ballou, 1990) . In the outer chain, 20-30 mannoses are extended from the core portion by al,6-linkages. To each of these mannose residues, a 1,2-and then a 1,3-linked mannoses are added. Mannosylphosphate moieties are also observed in S. cerevisiae cell surface mannoproteins (Mill, 1966; Cawly and Letters, 1968; Thieme and Ballou, 1971) . These cell surface phosphates contribute a net negative charge to the yeast cell surface (Raschke and Ballou, 1971) , but the function of mannosylphosphorylation is unknown.
Two mutants, mnn4 and mnn6, that are defective in the mannosylphosphate addition to A'-linked oligosaccharides were previously isolated (Ballou et ai, 1973; Karson and Ballou, 1978) . A partial purification of mannosylphosphate transferases from wild type and mnn mutants indicated reduced mannosylphosphate transferase activity in the mnn4 and mnn6 mutants (Karson and Ballou, 1978) . The mnn6 mutants show recessive phenotype, in contrast, mnn4l+ heterozygous diploids showed some reduced level of enzymatic activity, indicating that the mnn4 mutant was dominant. Interestingly, this dominant phenotype is conditional because growth of mnn4l+ diploid cells but not mnn4 haploid cells in osmotically stabilized medium rescues the mannosylphosphate transfer defect associated with the mnn4 mutation.
To clone MNN4 gene we took advantage of recessive nature of mnn4-l mutants grown in the presence of osmotic stabilizers. Here we present the initial characterization of MNN4 gene, its role in oligosaccharide phosphorylation in yeast.
Results

Establishment of conditions for MNN4 gene cloning
Alcian blue staining of heterozygous diploid strain. The mnn4 mutant contains reduced mannosylphosphates in the A'-linked oligosaccharides at the cell surface (Karson and Ballou, 1978) , which results in the poor binding of the positively charged alcian blue dye (Friis and Ottolenghi, 1970) . It was also reported that the mnn4-I is a dominant mutation, because the mnn4l+ heterozygous diploid showed the same mutant phenotype as the haploid mnn4 mutant. To establish the phenotype of the mnn4 mutation in our strain background, we tested first the reproducibility of mnn4 dominance. Overnight cultures of haploid strains, LB6-5D (mnn4) and RA1-1B (wild type), were stained with alcian blue as described in Materials and methods.
Haploid strain containing the mnn4 mutation (LB6-5D) were not stained by alcian blue, whereas the wild type strain (RA1-1B) were (Table I) .
Diploid strain LB6-5D (mnn4) x RA1-1B (wild type) grown in YPD medium were not stained (Table I) , indicating mnn4 dominancy in this diploid.
The effect of osmotic stabilizers. It was reported that the dominancy of mnn4 mutation was converted to recessive by the addition of 1 M sorbitol or 0.5 M KC1 in the growth medium (Ballou, 1990) . Thus, we cultured the diploid strain described above in YPD + 0.5 M KC1 and tested them for alcian blue staining (Table I) . This diploid strain grown in YPD + 0.5 M KC1 bound more dye than that grown in YPD. The dye binding ability of mnn4 and wild type haploid strain were not influenced by the presence of KC1. This result indicated that the dominant phenotype associated with the mnn4 mutation was not observed in the presence of KC1. A similar result was obtained by the addition of 0.3 M or 1M sorbitol to the growth medium.
From these experiments, we confirmed that the dominancy of mnn4-l was reproducible and converted to recessive by osmotic stabilizers. The establishment of recessive conditions for mnn4-l enabled us to clone the MNN4 gene by complementation using a wild type DNA library. (Ballou, 1975) . On chromosome XI genetic and physical distances are related by approximately 1 cM/3 kb (Kaiser et al., 1994) , implying that TRP3 and MNN4 are separated by approximately 50 kb. Based on these data, we chose the S.cerevisiae lambda clone ATCC 70798 as a candidate for harboring the wild type MNN4 gene.
T.Odanl et al
The 11.1 kb insert in ATCC 70798 was excised from the lambda vector with BamiU and ligated into the yeast-E.coli shuttle vector pRS316 (Sikorski and Hieter, 1989) . The resulting plasmid was transformed into yeast TO2-15D (mnnl mnn4). Transformants were grown in selective medium (SDUra) containing 0.3 M sorbitol and then stained with alcian blue. All transformants showed a positive staining, and plasmid dependency was confirmed by the recovery of the mnn4 phenotype due to the loss of plasmid when the transformants were grown nonselectively on YPD plates. In contrast, TO2-15D transformed with the pRS316 vector alone showed no staining. These data indicated that the MNN4 gene resided on the DNA insert derived from the ATCC 70798 clone. This pRS316 recombinant plasmid was therefore designated pMNN4.
Sequencing of both ends of the insert DNA in pMNN4 to ascertain its corresponding position on chromosome XI (Dujon et al., 1994) revealed that it contained 6 ORFs from ykl-198 to ykl-203 ( Figure IA) . Among them only ykl-203 (TOR2) had a known function, being an essential gene involved in drug resistance (Kunz et al., 1993) . Plasmid pMNN4 contained only two-thirds of the TOR2 gene, suggesting that MNN4 might not be identical to TOR2. ykl-198 was also an incomplete ORF on pMNN4, leaving only 4 intact ORFs ( Figure IA) .
To identify the ORF corresponding to MNN4, we constructed a deletion series of plasmids derived from pMNN4 ( Figure IA ). These plasmids were transformed into the TO2-15D {mnnl mnn4) strain, and alcian blue staining was carried out. Plasmid pMNN4-4 was the smallest mnn4-complementing plasmid and carried a 7.9 kb Bam\\\-Sph\ fragment. Surprisingly, the insert encoded 2 ORFs, neither of which alone could complement the mnn4 mutation.
Sequencing of MNN4 gene
Since both putative ORFs were required to complement mnn4, we considered the possibility that the original sequence data was in error and that, in fact, they comprised a single ORF. We sequenced approximately 3.9 kb of DNA corresponding to these ORFs on pMNN4-4 and found nine differences, exclusively insertions and deletions, from the reported sequence. Our data predicts a single large ORF of 3534 bp encoding 1178 amino acids (Figure 2 ). We designated this new ORF MNN4.
A.
ORFs ' X PC B. The predicted amino acid sequence of MNN4 contains a membrane spanning region composed of 17 hydrophobic amino acids in the newly extended N-terminus ( Figure 2 ). Thus, Mnn4p may be a membrane protein residing in the ER or the Golgi apparatus. A remarkable feature of Mnn4p is a tandemly repeated sequence consisting largely of four lysine and four glutamic acid residues (KKKKEEEE) over a 130 amino acid stretch in the C-terminus (Figure 2) . A functional motifs search (GENETYX; Krebs and Beavo, 1979) suggested that the serine residue of the sequence RRFLS in the predicted N-terminal cytoplasmic region might be phosphorylated by the c-AMP dependent protein kinase. Homology searches of DDBJ, EMBL, and GenBank revealed 33% amino acid sequence identity between YJR-061w protein and Mnn4p; however, the function of YJR-061w protein is unknown.
Construction and analysis of an mnn4 null allele
To determine the phenotype of an mnn4 null allele, we replaced nearly all of the MNN4 ORF with the LYS2 gene (Sikorski and Boeke, 1991) creating the mnn4-A] allele ( Figure  IB) . A haploid strain containing the mnn4-AI allele was viable, and scored white in the alcian blue assay. mnn4-hJ/ MNN4 heterozygous diploid scored white indicating that deletion of MNN4 is associated with a dominant phenotype. This result is consistent with the fact that all mnn4 alleles isolated previously scored as dominant (Karson and Ballou, 1978) . Taken together, these results indicate that Mnn4p functions as a positive factor in mannosylphosphate transfer, and that the dominancy of mnn4 is not caused by a dominant negative protein (see Discussion). The first 120 amino acids were derived from our sequencing data and were not reported in the original ykl-20Oc sequence (Dujon et al, 1994) . A repeated sequence of four lysine and four glutamic acid residues is located in the C-terminus (double underlined); this region is about 11% of the total protein. A potential phosphorylation site by protein kinu.se A is underlined.
Overexpression o/MNN4
The galactose inducible multicopy vector YEp51 (Broach et al., 1983 ) was used to overexpress MNN4 (YEp51MNN4).
In strain TO2-12A (mnnl mnn4) containing plasmid YEp51MNN4, alcian blue dye binding ability was increased under inducing conditions (Table HI) . Control strains carrying YEp51 alone did not change in their dye binding ability. Interestingly, MNN4 overexpression in TO3-6D {mnnl mnn.6) did not cause any increase in dye binding ability. Thus, MNN4 and MNN6 had a genetic relationship and might function together in a mannosylphosphate transferase complex.
Structural analysis of the oligosaccharides
In the initial step of the mannose outer chain elongation in S.cerevisiae, al,6-linked mannose is added to the ER core portion by an al,6-mannosyltransferase encoded by OCHI (Nagasu et al., 1992; Nakayama et al., 1992) . ochl gene disruptants (Aoc/i/) completely lack the outer chain portion and AochJ mnnl mutant uniformly synthesized Man g GlcNAc 2 in an A'-linked neutral oligosaccharide fraction (Structure I; Nakanishi- Shindo et al., 1993) . Man 8 GlcNAc 2 structure is reported to have two potential mannosylphosphorylation sites (Herndndez et al., 1989 ; the sites for mannosylphosphorylation are marked in asterisks in Structure I), and therefore, we investigated the existence of isomers of monophosphorylated Man 8 GlcNAc 2 .
•aM V aM Structure I HPLC analysis of the Aoc/i/ Amnnl strain revealed that there were three major peaks: a, b, and c ( Figure 3A) . The retention time of peak a was identical to that of the authentic Man 8 GlcNAc 2 -PA (Takara 019). We analyzed the molecular weight of these peaks by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOFMS) indicating molecular ion peaks at m/z = 1800 for peak a, 2048.9 for peak b, and 2042.5 for peak c, respectively. The m/z value of the peak a was consistent with the molecular mass of Man 8 GlcNAc 2 -PA (calculated Mr 1798.7). Peaks b and c had a higher molecular weight than that of MangGlcNAc^-PA, and were nearly identical to the molecular mass of monomannosylphosphorylated Man 8 GlcNAc 2 -PA (calculated Mr 2041.8).
Peaks b and c were further analyzed to elucidate the oligosaccharide structures. It is reported that mannosylphosphate moieties can be removed by mild acid hydrolysis followed by alkaline phosphatase digestion (Thieme and Ballou, 1971) . For HPLC analysis of the acidic oligosaccharide intermediate, we used the same gradient program as described in Figure 3 using solvent C instead of solvent B. Oligosaccharides from AochI Amnnl Akre2 were separated by NH2P-50 column and peaks b and c were recovered ( Figure 4A ). This fraction was treated with 0.01 N HC1 for 60 min at 100°C, then analyzed by HPLC. As shown in Figure 4B , the retention times of peaks b and c shifted from 19 and 21 min to 40 and 47 min, respectively, due to the exposure of phosphate moieties. These acid treated peaks b' and c' mixtures were recovered, and then digested with bacterial alkaline phosphatase for 2 h. These products showed a single peak at the same retention time as the authentic Man 8 GlcNAc 2 -PA ( Figure 4C ), indicating that peaks b and c are isomers of mono-mannosylphosphorylated Man 8 GlcNAc 2 .
From the above analysis, it was concluded that peak a in Figure 3 corresponds to neutral MangGlcNAc^-PA (Structure I), and peaks b and c are acidic oligosaccharide isomers in which a mannosylphosphate was attached to the Man 8 GlcNAc 2 -PA.
HPLC analysis indicated that the ratio of neutral to acidic oligosaccharides (a:b+c) was 1:1.5 in Aochl Amnnl Akre2 cells ( Figure 3A) . When the mnn4-Al gene replacement was introduced into this mutant, the ratio decreased to about 1:0.4 ( Figure 3B ). This result indicates that Mnn4p is involved in the phosphorylation of not only the outer chain but also the ER core portion. 
Discussion
We have succeeded in cloning of S.cerevisiae MNN4 gene, which was previously characterized as a dominant mutation affecting the phosphorylation of N-linked oligosaccharides (Karson and Ballou, 1978) . Disruption of MNN4 gene resulted in a decrease in alcian blue dye binding ability to the same extent as the original mnn4 mutant (Table II) . Furthermore, the mnn4-Ll null allele was dominant, also as observed for the original mnn4 allele (Table II) . Mnn4p was previously thought to be a negative factor because of the dominant behavior of the mnn4-l mutation (Karson and Ballou, 1978) . If this is true, then the overexpression of wild type MNN4 might be expected to show an mnn4 mutant-like phenotype. However, the galactose induced overexpression of MNN4 resulted in an increase in alcian blue dye binding ability in wild type strains, indicating that Mnn4p is not likely to be a negative factor, but a positive factor in the oligosaccharide phosphorylation.
The dominancy of mnn4 mutants was not addressed in the above discussion. Since the mnn4-kl allele is inferred not to produce any functional Mnn4p, the inhibition of oligosaccharide phosphorylation in mnn4-kl/+ diploids cannot be due to a mutant form of Mnn4p. The mannosylphosphorylation of the oligosaccharides is known to compete with the addition of the Table II . •Classification of the stained cells was as described in 
"Classification of the stained cells was as described in Table 1 . Glc, grown in SD-Leu (2% glucose as a carbon source); Gal, grown in SDGal-Leu (2% glucose and 2% galactose as a carbon source).
terminal otl,3-linked mannose residues by Mnnlp, because the presence of terminal al ,3-mannose reduces the mannosylphosphate addition to the oligosaccharide (Karson and Ballou, 1978; Ballou, 1990; and our unpublished data) . Therefore, Mnnlp is one of the factor that leads to the apparent mnn4 dominancy. Indeed, in most of diploids including YS126-15B (Amnnl) x YS125-3D (AmnnJ mnn4), mnn4 mutation behaved as a recessive mutation (unpublished observations). However, in some diploids including YS126-44B (Amnnl) and YS125-3D (AmnnJ mnn4), the mnn4 behaved as a dominant mutation (unpublished observations), indicating the presence of other regulatory factors independent of Mnnlp. Thus, we propose the existence of an unknown negative regulator for oligosaccharide phosphorylation to explain the unusual dominancy related to mnn4. This hypothesis is consistent with the fact that the overexpression of MNN4 in RA1-1B leads to an increase in alcian blue dye binding ability even in the presence of both MNN1 and MNN4 (Table II) . The YJR061w gene product is a candidate of negative regulator. The entire YJR061w ORF shows a similarity to MNN4, but lacks the 3'-region of MNN4, which encodes the repeated sequence of lysines and glutamic acids. The YJR061w gene product may act as a regulatory factor like Mnn4p but with an opposite and competing function.
There are at least four mannosylphosphorylation sites in AMinked oligosaccharides found in S.cerevisiae (Ballou, 1990) . Two are at the core portion, one at the side chains of the outer chain, and one at the nonreducing terminus of the outer chain. Some of the phosphorylation at the core portion may occur in the pre-Golgi compartment, while the other additions may occur in the Golgi compartment (Stevens et al., 1982) . The mnn4 and mnn6 mutations were previously reported to affect oligosaccharide phosphorylation (Ballou et al., 1973; Karson and Ballou, 1978) . Mannosylphosphate transferase activity was reduced to about 20% of wild type cells in these mutants (Karson and Ballou, 1978) . Since the mnn4 disruptant decreased alcian blue binding and mannosylphosphate content in the core oligosaccharide (Figure 3) , it is likely that Mnn4p may be involved in the mannosylphosphorylation of both the outer chain and core portion.
In our preliminary results, the overexpression of MNN4 in mnn6 mutant cells did not increase alcian blue dye binding, indicating the requirement of Mnn6p for the normal function of Mnn4p. MNN6 is thought to encode a mannosylphosphate transferase because of the recessive behavior of the mnn6 mutant (Karson and Ballou, 1978; Ballou, 1990 (Sherman and Hicks, 1991) . Standard media (YPD and SD) (Sherman et al., 1986) were used to grow and maintain strains, except that 0 5 M KC1 or 0 3 M sorbitol was added when necessary to control mnn4 dominancy. SDGal medium (SD medium with 2% galactose) was used for galactose induction of YEp51 plasmid (Broach et al., 1983) . The S.cerevisiae chromosome XI DNA fragment cloned into \MG3 (purchased from ATCC as ATCC 70798) (Olson et al, 1986) was excised and cloned into the yeasl-E.coli single copy shuttle vector pRS316 (Sikorski and Hieter, 1989) at the BamH\ site. Yeast transformation was performed by the electroporation method (Becker and Guarente, 1991) .
Alcian blue staining of yeast cells
Yeast cells from 5 ml of YPD culture grown for 24 h at 30°C were collected by centrifugation and washed once with distilled water. The cells were then stained in 500 (j.1 of 0.02 N HC1 (pH 3.0) containing 0.1% alcian blue 8GX (Sigma).
General methods
Gene disruption (Rothstein, 1991) , DNA sequencing (Sanger el al, 1977) , and Southern blotting (Southern, 1975) were done by standard methods.
HPLC analysis of oligosaccharides prepared from Aochl Amnnl Akre2 and Aochl Amnnl Amnn4 Akre2 mannoprotem
Mannoprotein preparation and oligosaccharide labeling with 2-aminopyridine (PA) were as described (Nakanishi-Shindo et al, 1993) . A'-Linked oligosaccharides were released by hydrazinolysis. A size fractionation HPLC column (Asahipak NH2P-50, 0.46 x 25 cm, Shodex, Japan) was used to separate acidic from neutral oligosaccharides by anion exchange. Both the length and acidic oligosaccharide contents of PA-oligosaccharides were measurable under the following assay conditions. The two solvents, A and B, were as reported (Nakanishi-Shindo et al, 1993) . The column was equilibrated with a mixture of solvents A and B (80:20) at a flow rate of 1 0 ml/min. After sample injection, the proportion of solvent B was increased linearly up to 10O% for 50 rmn. PA-oligosaccharides were detected by fluorescence (Ex = 310 nm and Em = 380 nm). Solvent C (200 mM acetic acid adjusted pH at 7.3 with triediylamine)was used for the analysis of acidic oligosaccharide structures instead of using solvent B. Mild acid hydrolysis and bacterial alkaline phosphatase (BAP) digestion was carried out as described before (Thieme and Ballou, 1971) .
Mass spectrometry
Matrix-assisted laser desorpuon ionization time-of-flight mass spectrometry (MALDI-TOFMS) was performed either in the negative ion mode for the analysis of acidic oligosaccharides or in the positive ion mode for neutral oligosaccharides by using a-cyano-4-hydroxy cinnamic acid (ACH) as a matrix. The mass spectrometer used in this work was a Finnigan Lasermat (Finnigan MAT Ltd., Hemel Hempstead, United Kingdom).
